Newlands SD, Wei M. Responses of central vestibular neurons to sinusoidal yaw rotation in compensated macaques after unilateral labyrinthectomy. After vestibular labyrinth injury, behavioral measures of vestibular function partially recover through the process of vestibular compensation. The present study was performed to improve our understanding of the physiology of macaque vestibular nucleus neurons in the compensated state (Ͼ6 wk) after unilateral labyrinthectomy (UL). The responses of neurons to sinusoidal yaw rotation at a series of frequencies (0.1-2.0 Hz) and peak velocities (7.5-210°/s) were examined to determine how the behavior of these cells differed from those in animals with intact labyrinths. The sensitivity of neurons responding to ipsilateral rotation (type I) did not differ between the intact and injured sides after UL, although this sensitivity was lower bilaterally after lesion than before lesion. The sensitivity of neurons that increase firing with contralateral rotation (type II) was higher ipsilateral to the UL than before lesion or in the nucleus contralateral to the UL. UL did not increase asymmetry in the responses of individual type I or II neurons to ipsilateral vs. contralateral rotation, nor does it change the power law relationship between neuronal firing and level of stimulation. Increased sensitivities of contralesional type I neurons to the remaining vestibular nerve input and increased efficacy of inhibitory vestibular commissures projecting to the ipsilesional vestibular nucleus appear to be responsible for recovery of dynamic function of central vestibular neurons in compensated animals. The portion of type I neurons on the ipsilesional side is reduced in compensated animals, which likely accounts for the asymmetries in vestibular reflexes and perception that characterize vestibular function after UL.
BEHAVIORAL DEFICITS following vestibular lesion generally improve over time, in a process globally referred to as vestibular compensation. Compensation includes recovery of signs and symptoms when the head is not moving (such as nystagmus) or when the head is moving [such as the vestibuloocular reflex (VOR)] and the ability to use substitute sensory input to replace missing vestibular information (sensory substitution). Deficits that are seen at rest acutely following unilateral insult to the peripheral vestibular system reliably resolve in most animal models and in humans. Recovery of these so-called static signs and symptoms (spontaneous nystagmus, head nystagmus, head tilt, acute vertigo) has been shown to correspond to recovery of resting neuronal activity in the ipsilesional vestibular nucleus Curthoys 1988b, 1989) . In patients with acute unilateral vestibular inju-ries, static compensation generally occurs before any subsequent rehabilitation (Herdman and Whitney 2007) . In contrast, recovery of deficits in vestibular reflexes (e.g., vestibuloocular responses) in response to passive motion, which is termed dynamic compensation, is incomplete and the degree of recovery that is seen is highly dependent upon the magnitude, frequency, and modality (rotation or translation) of the stimulation (Allum et al. 1988; Angelaki et al. 2000; Broussard et al. 1999; Crane and Demer 1998; Zee 1988, Lasker et al. 2000; Maioli et al. 1983; Newlands et al. 2005; Sadeghi et al. 2006; Ushio et al. 2011) . As static symptoms improve with restoration of balance in the vestibular nuclei, there is an early improvement of vestibular reflex gain and symmetry Newlands et al. 2005) . This is followed by a slow improvement in the VOR that is both frequency and velocity dependent Sadeghi et al. 2006 ). However, residual dynamic deficits are reliably elicited by provocative testing, and detection of these dynamic deficits is at the heart of clinical vestibular testing (Crane and Demer 1998; Eisenman et al. 2001; Halmagyi and Curthoys 1988) . Although recovery of dynamic deficits is incomplete in all patients, the degree of disability they experience varies from little complaint of deficit to more significant disability (Eisenman et al. 2001) . This variation in patient experience is not explained by our current understanding of vestibular compensation. Extravestibular sensory systems and processes likely impact upon the degree of perceived compensation, yet better understanding of physiological processes in the vestibular nuclei is likely to improve our understanding of both vestibular and extravestibular influences on compensation.
A number of investigators have considered processes that likely impact upon dynamic compensation. One process is change in the efficacy of pathways in the brain stem, particularly between the two sides of the vestibular nuclei via the vestibular commissures. Such theories have been tested primarily in small animals such as rodents, often with anesthesia, or in reduced (decerebrate or slice) preparations Perachio 1990a, 1990b; Curthoys 1988a, 1998b) , although several studies have been pursued in alert animals (Heskin-Sweezie et al. 2007; Ris et al. 1997; Ris and Godaux 1998; Sadeghi et al. 2010 Sadeghi et al. , 2011 .
In this study, we concentrate on neuronal correlates of dynamic compensation in the compensated state. We have purposefully neglected trying to document early stages in compensation, because the early events happen over a few days or even hours and we did not feel that we could collect enough information to follow neural events of compensation without using many more animals. Additionally, while the early events of compensation are important to un-derstand, development of strategies for prevention of chronic disequilibrium relies on understanding the chronically vestibular-deficient state, as most patients recover from static deficits prior to entering rehabilitation (Herdman and Whitney 2007) . Understanding the compensated state of neural activity in the vestibular nuclei should facilitate rehabilitation strategies and other interventions in this majority of patients with unilateral vestibular weakness. We compared the compensated state to the intact, normal state to describe differences in the physiology of central neurons in the vestibular nuclei during whole body yaw rotation in the dark. The goal of the present study was to identify differences in the frequency and velocity dynamics of vestibular neurons in compensated animals after unilateral labyrinthectomy (UL) and in the distribution of neuron types between these preparations. Our hypothesis was that responses of vestibular neurons would mirror those of the vestibular reflexes, in that the individual neurons would display asymmetry in their responses, with decreased responses toward the side of the compromised labyrinth. We found that the major imbalance between ipsilesional and contralesional vestibular nuclei is in the number of responsive neurons, not in the sensitivity or symmetry of response in individual neurons. Asymmetries in vestibular reflexes after compensation are attributable to the relative paucity of ipsilesional neurons responsive to ipsilesional rotation (type I), while the global reduction in vestibular responses is attributed to reduction of type I neuron sensitivity bilaterally.
METHODS
Animal preparation. Data were collected from four juvenile rhesus macaque monkeys (Macaca mulatta) (monkeys ha, st, ma, and su) of both sexes with weights ranging from 4.0 to 7.2 kg. Control data from all of these animals were reported upon previously (Newlands et al. 2009; Newlands and Wei 2013) . The initial surgical procedures, including placement of recording chambers and eye coils, were detailed in a previous report (Newlands et al. 2009 ). In short, a dental acrylic head cap for head immobilization with a stereotaxically placed recording chamber aimed at the rostral vestibular nuclei was implanted initially. In a later surgery, unilateral or bilateral three-turn 15.5-mm subconjunctival eye coils were attached to the sclera with 7-0 Prolene sutures.
After these procedures, control data were collected. Subsequently, these animals underwent left UL under isoflurane anesthesia in sterile conditions. To accomplish this procedure, the left mastoid cavity was exposed via a postauricular incision. A simple mastoidectomy was performed with an electric drill and curette, exposing the otic capsule. The horizontal semicircular canal was followed surgically both anteriorly to its ampullated end and posteriorly to the vestibule. Working with a 1-mm drill bit between the facial nerve and the paraflocculus, we opened the vestibule of the labyrinth, connecting the openings at the two ends of the horizontal canal. With this exposure, the ampullas of the superior and posterior semicircular canals and the utricular and saccular neuroepithelium were removed. After UL, the wound was closed with subcutaneous interrupted absorbable sutures and the skin was closed with 4-0 Prolene sutures. The Prolene sutures were removed in 1-2 wk. The animals were treated with postoperative antibiotics for 7 days and intramuscular buprenorphine (0.01 mg/kg) for pain control twice a day for 3 days. All surgical procedures and data collection were performed according to institutional, American Physiological Society, and National Institutes of Health guidelines and under a protocol approved by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch.
Experimental setup and neural recordings. The experimental apparatus and techniques used to perform these experiments were described in detail previously (Newlands et al. 2009; Newlands and Wei 2013) . In short, trained animals were placed into primate chairs on a computer-controlled vestibular stimulation apparatus that allowed the animal to be rotated in yaw or pitch or translated horizontally in any direction. The head was restrained with the nose pitched 20°down. Control of rotation and translation was accomplished with custom-written software (LabVIEW, National Instruments, Austin, TX). Laser targets were either controlled with an x-y mirror galvanometer or presented head-fixed for VOR suppression with lasers mounted on the primate chair. Eye movements were recorded with a two-field magnetic search coil system (C-N-C Engineering Systems, Seattle, WA). Animals were trained to fixated targets for juice rewards prior to neural recordings.
Extracellular recordings were made of rostral vestibular nuclei neurons with stereotaxically placed epoxy-coated tungsten microelectrodes (2-to 10-M⍀ impedance; Frederick Haer, Bowdoinham, ME). The electrodes were advanced through a 26-gauge cannula starting 5-7 mm above the vestibular nuclei. As with the earlier studies, recordings were concentrated in the rostral vestibular nuclei. Histological confirmation of recording sites was available for three monkeys.
The search stimulus was yaw rotation at 0.5 Hz, Ϯ60°/s with a head-fixed target. Once a neuron was isolated that responded to yaw rotation, it was further tested for eye movement sensitivity during saccades to targets (spaced every 5°, Ϯ20°to the left and right of straight ahead) and smooth pursuit of a target moving in the horizontal plane (0.20 Hz at Ϯ23°or 0.5 Hz at Ϯ10°). On the basis of the sensitivity of neuron firing to eye movements, the neurons were classified with standard definitions. Cells without eye movement sensitivity were classified as non-eye movement (NEM) neurons, but the same group of cells are also referred to as vestibular only (VO) in some studies (Scudder and Fuchs 1992) . Cells sensitive to eye position in the opposite direction of their head velocity sensitivity, regardless of whether they paused for saccadic eye movements, were classified as position-vestibular-pause (PVP) neurons (Scudder and Fuchs 1992) . Cells sensitive to head velocity and eye position or velocity in the same direction were classified as eye-head velocity (EHV) neurons (Scudder and Fuchs 1992) . Translational sensitivity was tested in directions every 30°or 45°in the horizontal plane. Dynamic pitch sensitivity was evaluated; neurons responding best to dynamic pitch were excluded. Yaw-sensitive neurons were then recorded in response to a frequency series always recorded in the same order (0.5, 1.0, 2.0, 0.1, 0.2, 0.3, 0.8, and 1.5 Hz, all at Ϯ60°/s). Additionally, at 0.5-Hz frequency, a velocity series was recorded with peak velocities of 7. 5, 15, 30, 60, 90, 120, 150, 180 , and 210°/s. For all of these trials, 20 -100 s of data was collected.
In these experiments, data were collected from two distinct time periods. The first was prior to UL, and these data were included in previous publications (Newlands et al. 2009; Newlands and Wei 2013) . After the UL procedure, the animals were allowed to recover for at least 6 wk prior to resumption of recording. During this time, the animals recovered from the acute symptoms of UL. All four monkeys moved about their cages normally and had no obvious behavior deficit during normal activities by 6 wk after UL. Recordings continued for between 2.5 and 5 mo after UL.
Data analysis. All of the details of the data analysis have been previously reported (Newlands et al. 2009; Newlands and Wei 2013) . All analysis was done offline. In short, the neural data were recorded and stored at 40 kHz and were converted into spike trains with both feature analysis (Stewart et al. 2004 ) and time-amplitude window discrimination. The spike train was then converted to instantaneous firing rate for comparison with eye and head position and velocity traces. Sensitivity and phase of the response of a neuron to sinusoidal rotations were determined by averaging both the instantaneous firing rate and the stimulus (head velocity) over all of the cycles collected and by fitting each to a sine wave with a Levenberg-Marquardt least-squares algorithm. The sensitivity (neuronal gain) of the neuron to the yaw rotation stimulus was determined by comparing the amplitude of the response peak to that of the stimulus. The phase of the neuron response to yaw rotation was determined by comparing the timing of the peak of the stimulus (head velocity) relative to the peak of the sinusoidal fit to the instantaneous firing rate response. Rightward velocity was defined as positive.
In addition to this calculation of the whole-cycle sensitivity, inhibitory and excitatory half-cycle sensitivities were calculated independently by plotting point to point the stimulus (x-axis) and response (y-axis) after aligning the peaks of the stimulus and response by correcting for the phase difference between the two (Newlands and Wei 2013) . The slope of the relationship in the excitatory direction is considered the excitatory sensitivity, and the slope of this relationship in the inhibitory direction is the inhibitory sensitivity. The firing rate x ϭ 0 for this plot is considered the bias or baseline firing rate.
Neurons recorded were categorized on the basis of side of the brain stem, sensitivity to rotation, whether they were collected before or after UL, whether they were sensitive to translation, and whether they changed their firing with either eye position or eye velocity. Neurons recorded before UL were labeled as "pre-UL control." Neurons recorded after UL on the left were termed "ipsilesion," whereas neurons on the right recorded after the left UL were labeled "contralesion." All neurons were assigned to being either type I, if the timing of the peak of the response was within 90°of ipsilateral rotational peak velocity, or type II, if the neuron responded within 90°of contralateral peak velocity (Duensing and Schaefer 1958) . Thus all neurons reported upon in this study belonged to one of six groups: pre-UL control type I, pre-UL control type II, ipsilesion type I, ipsilesion type II, contralesion type I, and contralesion type II.
All relationships between stimulus and response were tested for statistical significance with a Rayleigh coefficient calculation, with significance set at P Ͻ 0.05 (Mardia 1972) . Other statistical comparisons all utilized a threshold of P Ͻ 0.05 for significance (SPSS 14.0 for Windows). Nonparametric ordinal tests were used for firing rate, sensitivity, and phase comparisons between groups.
RESULTS
Data are reported here from a total of 142 neurons recorded from 4 animals at least 6 wk after UL. The population of postlesion neurons recorded included 118 NEM cells, 12 PVP cells, and 12 EHV cells. These neurons were recorded under the same protocols and with the same animals as the total of 190 neurons we recorded before the labyrinthine surgery. The pre-UL data were reported upon as part of a larger data set used in two previously published studies (Newlands et al. 2009; Newlands and Wei 2013) . The previously reported 190 neurons included 157 NEM cells, 22 PVP cells, and 11 EHV cells. Table 1 presents the breakdown of the recorded neurons by side [ipsilesion (left) or contralesion (right)], directional sen-sitivity (type I or type II), and neuron type (NEM, PVP, or EHV) for UL and pre-UL control conditions. For comparison, the numbers of neurons of each type before lesion are also reported. The numbers of cells recorded between sides is not very meaningful because it depends on the number of passes on each side. More telling is the ratio of type I to type II neurons recorded on either side, as this ratio is independent of the number of electrode passes made. In general, we concentrated on recording from the lesion side, particularly because there seemed to be lower activity on that side in the UL animals. Before UL 69% of recorded neurons were type I. In contrast, after UL 38% of ipsilesion neurons were type I and 65% of contralesion neurons were type I. Comparing the pre-UL control ratio of type I to type II cells to the two post-UL ratios, the ipsilesion neurons had a significantly different ratio of type I to type II neurons ( 2 , P ϭ 0.000002) but the contralesion neurons did not ( 2 , P ϭ 0.1). UL did not change the distribution of cell types found among NEM, PVP, and EHV ( 2 , P ϭ 0.44). Because the majority of the cells recorded were NEM cells, the analysis will concentrate on this population.
Of the 24 ipsilesion type I NEM neurons, 18 were tested for sensitivity to translation along four to six directions in the horizontal plane and 16 (89%) were found to be sensitive. For the ipsilesion type II NEM neurons, 25 of 35 (71%) tested had translational sensitivity. Eighteen of 27 (67%) contralesion type I NEM neurons and 9 of 13 (69%) contralesion type II NEM neurons tested were also sensitive to translation. Before UL, 49 of 79 (62%) tested type I and 17 of 29 (59%) tested type II neurons were sensitive to translation in the horizontal plane.
Comparison of neuronal activity in the vestibular nucleus in each of the six unique neuronal groups was done for NEM neurons. Figure 1 includes radial plots for each of the six groups at 0.5 Hz, Ϯ60°/s; the sensitivity and phase for each cell are represented, with sensitivity being the radial distance from the center and phase being the phase of the response relative to right head velocity. For pre-UL control data, all recordings are collapsed into either right or left sides, to help with the visual comparison.
At this frequency and peak velocity, the sensitivity of type I neurons differed among the three groups (Kruskal-Wallis test, P ϭ 0.008). The sensitivity of the pre-UL control type I neurons was 0.56 Ϯ 0.32 spikes/s/°/s (SD). In the UL animals, the mean sensitivity was 0.38 Ϯ 0.22 spikes/s/°/s (SD) on the lesion side and 0.43 Ϯ 0.32 spikes/s/°/s (SD) on the intact side. The sensitivity of type I neurons on each side was less than for the pre-UL control group (Mann-Whitney U-test, P ϭ 0.01 for pre-UL control vs. ipsilesion and P ϭ 0.02 for pre-UL control vs. contralesion), but the sensitivities were not significantly different between the ipsilesion and contralesion type I groups (Mann-Whitney U-test, P ϭ 0.97). The sensitivity of type II neurons before lesion was 0.30 Ϯ 0.21 spikes/s/°/s (SD). After UL the sensitivity of type II neurons was 0.45 Ϯ 0.33 spikes/ s/°/s (SD) on the ipsilesion side and 0.29 Ϯ 0.25 spikes/s/°/s (SD) on the contralesion side. The sensitivity of ipsilesion type II neurons was statistically higher than controls or contralesion type II neurons (Kruskal-Wallis test: P ϭ 0.03; Mann-Whitney U-test: pre-UL control vs. ipsilesion P ϭ 0.02, pre-UL control vs. contralesion P ϭ 0.63, and ipsilesion vs. contralesion P ϭ 0.02). For all neurons after UL at 0.5 Hz, 60°/s peak velocity, the gain did not vary significantly with time after UL [ANOVA, F (1,107) ϭ 1.42, P ϭ 0.24]. The phase relationships also changed with UL for type I neurons (Kruskal-Wallis test 2 ϭ 7.3, P ϭ 0.03). The mean phases in the excitatory direction for type I neurons are 27 Ϯ 25°(SD) for normal type I neurons, 16 Ϯ 35°(SD) for ipsilesion type I neurons, and 34 Ϯ 41°for contralesion type I neurons. The significant differences are between the two sides after lesion (Mann-Whitney U-test, P ϭ 0.02) and between control and contralesion (P ϭ 0.047) but not between control and ipsilesion (P ϭ 0.12). For type II neurons, there was no significant difference between groups (Kruskal-Wallis test, P ϭ 0.21).
Findings apparent in Fig. 1 include that in the normal animal a small percentage of neurons are recorded that are not generally in phase with velocity. The vast majority of type I and type II cells are within 30°of a 30°phase lead, in other words, between 0 and 60°phase re: velocity (or 180 -240°for neurons responding to leftward velocity). In normal animals at 0.5 Hz and 60°/s peak velocity, 84% type I and 76% type II neurons had phase relationships inside this range. In contrast, for UL animals 68% of ipsilesion type I and 70% of contralesion type I neurons had phase relationships in the same range. For type II neurons after UL, the portion within this phase relationship was 77% for ipsilesion and 47% for contralesion. Only the contralesion type II neurons are statistically different from the normal controls ( 2 , P ϭ 0.03). Figure 2 shows Bode plots for UL NEM neurons. Each of the four groups of recorded neurons after UL is shown separately. Type I neurons on both sides had reduced sensitivities compared with pre-UL control type I neurons (Mann-Whitney U-test, P Ͻ 0.05 at all frequencies marked with an arrow in Fig. 2 ). In contrast, as noted for 0.5 Hz above, type II neurons on the ipsilesional side had higher sensitivities than on the contralesional side, although the difference between pre-UL control and ipsilesion type II neurons is significant only at 0.5, 1.0, and 1.5 Hz (Mann-Whitney U-test, P Ͻ 0.05). Contralesion type II neurons had sensitivities similar to pre-UL control neurons. For type I neurons, the phase lead difference is significant only at 0.1 Hz (Mann-Whitney U-test between controls and ipsilesion P ϭ 0.04 and between controls and contralesion P ϭ 0.009). For type II neurons, the phase lead was greater for the ipsilesion group than for pre-UL controls at 0.1, 0.2, and 0.3 Hz only (all Mann-Whitney U-test, P Ͻ 0.01). At all frequencies for both type I and type II neurons there was no difference in sensitivity between the ipsilesion and contralesion sides (Mann-Whitney U-test, P Ն 0.05 for all comparisons).
In addition to investigating the response characteristics of these neurons with changing frequencies, we varied peak velocity of rotation while holding the frequency constant at 0.5 Hz. Figure 3 shows two examples, one pre-UL control type I neuron and one contralesion type I neuron. In both cases, we show 6 s of data at each of three peak velocities (7.5, 90, and 210°/s) in Fig. 3 , left. The summary figure in Fig. 3 , right, plots the mean responses for each of the cells over the full range of peak velocities tested as a phase-adjusted x-y plot of neuron responses. The spike train was converted into a response function with a Kaiser window filter with cutoff frequency of 1.0 Hz and band pass of 5 Hz (Cherif et al. 2004 ). The slope of the stimulus to response curve (which is the sensitivity of the neuron) changes with peak velocity for both the pre-UL control neuron (Fig. 3A ) and the contralesion type I neuron ( Fig. 3B) . Figure 4 shows a comparison of the sensitivity at 0.5 Hz of responses by peak velocity for all type I and type II NEM neurons by side for UL animals. For all four post-UL groups of neurons, the sensitivity appears to decrease as the peak velocity of rotation increases, similar to the control data as previously reported (Newlands et al. 2009 ). For ipsilesion (Kruskal-Wallis test, P Ͻ 0.000001) and contralesion (Kruskal-Wallis test, P ϭ 0.00001) type I, the sensitivity of the response to rotation decreases with higher peak velocities of rotation is statistically significant. For ipsilesion (Kruskal-Wallis test, P ϭ 0.051) and contralesion (Kruskal-Wallis test, P ϭ 0.10) type II NEM neurons, the reduction in sensitivity with increasing peak velocity does not reach statistical significance. The phase of the response did not change with peak velocity for any of the four groups of neurons (type I ipsilesion: Kruskal-Wallis test, P ϭ 0.36; type II ipsilesion: Kruskal-Wallis test, P ϭ 0.59; type I contralesion: Kruskal-Wallis test, P ϭ 0.86; type II contralesion: Kruskal-Wallis test, P ϭ 1). For ipsilesion and contralesion type I neurons, the mean sensitivity was lower than the mean sensitivity for labyrinth-intact animals at every peak velocity (all comparisons, Mann-Whitney U-test, P Ͻ 0.03). However, there is no difference between the sensitivity of ipsilesion and contralesion type I neurons at any peak velocity (all comparisons, Mann-Whitney U-test, P Ͼ 0.22).
As noted in the frequency series (Fig. 2) , the sensitivity of type II neurons is greater after ipsilateral UL than before UL at 0.5 Hz and 60°/s. However, at all the other peak velocities tested, the higher sensitivity in the ipsilesion nucleus is not statistically different from pre-UL control nuclei (Mann-Whitney U-test, P Ͼ 0.08). Additionally, the sensitivity of type II neurons is unchanged after contralateral UL at all peak velocities (Mann-Whitney U-test, P Ͼ 0.16). There is no difference in the sensitivity of type II neurons comparing the ipsilesion group to the contralesion group (Mann-Whitney U-test, P Ͼ 0.07). These data suggest that the amplitude compression that we previously reported in normal animals for type I NEM neurons (Newlands et al. 2009 ) persists after UL and thus is not a function of input from both labyrinths. Furthermore, the sensitivities of both type I and type II neurons to yaw rotation The neurons' responses are shown as average instantaneous firing rate (IFR) for a 50-ms time bin (blue dots) and fit with a Kaiser window function (cutoff 1.0 Hz, transit band 5.0 Hz). In both the control neuron and the neuron after UL, the response is larger for larger peak velocities but does not grow proportionally. Both neurons are type I neurons in the right rostral vestibular nuclei. H vel , head velocity. Right: phase-adjusted x-y plot comparing the Kaiser window-filtered neuron firing rate relative to firing at zero velocity (y-axis) vs. the head velocity (x-axis) at all tested peak velocities. The slope of the plot is the sensitivity of the neuron for that trial. The neuron in A is silenced for a portion of the cycle, causing the flattening of the response in the inhibitory direction.
are equivalent in the ipsilesion and contralesion nuclei after compensation from UL. Figure 5 explores the symmetry of NEM neurons before and after UL with increasing amplitudes of rotation. Figure 5A , left, plots the sensitivity of the control type I and type II neurons where the excitatory and inhibitory sensitivities are calculated separately as the slope of the relationship between chair velocity and neuron firing for phase-adjusted x-y plots. At each peak velocity, the sensitivity in the excitatory direction is greater than the sensitivity in the inhibitory direction. This relationship is shown differently in Fig. 5A, right. Here, for each velocity, the excitatory sensitivity is plotted as a function of the inhibitory sensitivity. If the relationship of inhibitory to excitatory velocity changed with increasing peak velocity, the points would not lie along a straight line fit through the origin. In fact, for both type I and type II neurons the points do lie near such a line, demonstrating a consistent relationship between excitatory and inhibitory sensitivities across peak velocities. Figure 5B shows the sensitivity of neurons to the ipsilesion (left) side as a function of peak velocity for type I and type II neurons. Similarly, Fig. 5C shows the same relationship for type I and type II neurons on the contralesion (right) side. The relationship between excitatory and inhibitory half-cycle sensitivities is not as consistent after lesion on the ipsilesional side. There is no evidence, however, of growing asymmetry in any group of neurons such that decrement in the ipsilesional sensitivity of neurons accounts for the overall reduction of sensitivity with increasing peak velocities. These data demonstrate that after UL neurons continue to show a relationship between peak velocity and sensitivity similar to that reported for labyrinth-intact neurons, where there is reduction of sensitivity in both the inhibitory and excitatory directions with increasing velocity of rotation.
Previous work demonstrated that the relationship between vestibular nucleus neuron output (peak firing rate ϭ excitatory direction sensitivity ϫ peak velocity ϩ bias firing rate) and peak velocity follows a power law relationship in labyrinthintact animals (Newlands and Wei 2013) . For the present data, the same relationship was explored. Figure 6 displays the relationship between neuron output and peak velocity. The slope of the dashed line for each group of NEM neurons reflects the power law exponent (a) in the relationship peak firing rate ϭ b ϫ (peak velocity) a . These data demonstrate that the effects of changing peak velocities on responses of type I and type II neurons are similar after UL to those before UL.
To understand the prevalence and significance of nonlinearities due to inhibitory cutoff, we evaluated each neuron recorded for silencing during rotation at each frequency and velocity tested. The neuron was considered silenced (rectified) if the response fit to the instantaneous firing rate was below zero for any portion of the cycle. Figure 7 presents the percentage of neurons that silence during a portion of the cycle at each of the frequencies and velocities tested. We found that for contralesion type I neurons the likelihood that a neuron silenced during a portion of their cycle was lower than in the pre-UL control neurons. This difference was statistically significant at higher peak velocities of rotation (green arrows, Fig.  7, bottom left) . The rate of silencing in the other experimental groups (ipsilesion type I and all type II neurons) did not reliably differ from controls.
One way in which the system can avoid silencing during rotation is to increase the baseline firing rate. In Fig. 7 , we also present the mean bias firing rate at each of the velocities and frequencies tested. In general, type II neurons had higher bias firing rates after UL, which showed significant differences by group (Kruskal-Wallis test, P Ͻ 0.05 for the velocities and frequencies marked by arrows in Fig. 7) . Contralesion type I neurons fire faster than either pre-UL controls [52 Ϯ 29 spikes/s (SD) vs. 44 Ϯ 29 spikes/s (SD); Mann-Whitney U-test, including all trials at peak velocity of 60°/s, P ϭ 0.012] or ipsilesion type I neurons [41 Ϯ 29 spikes/s (SD), P ϭ 0.001]. However, this difference in type I neuron bias firing is not statistically significant for each frequency of rotation individually, only for all trials taken together.
Another possible mechanism that will reduce the portion of neurons that rectify is increase in the bias firing rate as a function of the amplitude of the stimulation, such that more vigorous stimuli create not only a more vigorous response but also a higher baseline firing rate to modulate around. Such a change in baseline firing rate around which rotation modulates firing with increasing peak velocity was demonstrated in cats after UL (Heskin-Sweezie et al. 2007 ). In previous publications, we looked for, but did not observe, such a relationship between bias firing rate and frequency or velocity of rotation in normal animals (Newlands et al. 2009; Newlands and Wei 2013) . In this study, we investigated the relationship of frequency or peak velocity to bias firing rate after UL for both type I and type II neurons in both ipsilesion and contralesion nuclei. There was no significant change in bias firing with frequency or peak velocity for any group (Kruskal-Wallis test, P Ͼ 0.10 for each of the 4 post-UL neuron groups).
DISCUSSION
This study represents the most comprehensive assessment of vestibular responses in the vestibular nuclei in compensated animals to date. These findings can serve as a basis for understanding vestibular function in compensated subjects. This study did not investigate early mechanisms after acute UL. However, long-term persistent vestibular deficits following vestibular lesion can be evaluated in light of these findings. Much of what was initially known about cellular activity during rotation in the vestibular nuclei after recovery from vestibular lesions was learned from rodents, amphibians, and birds, often in anesthetized or decerebrate preparations. Three significant studies in awake animals, guinea pigs, cats, and macaques, have been published (Heskin-Sweezie et al. 2007; Ris et al. 1995 Ris et al. , 1997 Ris and Godaux 1998; Sadeghi et al. 2010 Sadeghi et al. , 2011 . Additionally, a number of excellent studies have examined vestibular nucleus activity in in vitro slice preparations.
The seminal study of central vestibular activity after UL was performed by Precht et al. (1966) . They behaviorally tested cats 3-4 days after UL, at which time acute vestibular deficits, including asymmetry in postrotatory nystagmus, were noted. By 30 -45 days after UL, the behavioral deficits were mitigated and the animals considered compensated. Corresponding to these behavioral findings, the vestibular nuclei were explored at both of these time points after UL in decerebrate, decerebellate cats. They found that the spontaneous activity of ipsilesional type I neurons was profoundly decreased 3-4 days after lesion, but by 30 -45 days after UL type I activity returned in the ipsilesional nucleus. They attributed the restoration of dynamic function to the restoration of a baseline firing rate in the ipsilesional type I neurons and modulation that was driven by commissural input from the contralateral nucleus acting through type II inhibitory interneurons that synapse on the type I neurons.
A number of subsequent studies have systematically explored the vestibular nuclei bilaterally both in the acute phase after UL and in the compensated phase Perachio 1990a, 1990b; Ris et al. 1997; Ris and Godaux 1998; Sadeghi et al. 2010 Sadeghi et al. , 2011 Curthoys 1988a, 1988b) . These studies have considered both the resting discharge rate and the sensitivity of neurons to rotation. For the most part, all of these studies have confirmed what Precht and his colleagues initially reported . Much of the controversy that exists in our understanding of vestibular compensation revolves around the degree to which restoration of ipsilesional spontaneous firing restores bilateral balance, the degree of recovery of rotational sensitivity on either side of the midline, and the role of vestibular commissures in recovery. Each of these issues is taken up below.
Baseline firing rates in bilateral vestibular nuclei after compensation. In guinea pig recordings under general anesthesia with the midline cerebellum removed, the resting rates of type I neurons ipsilateral to the UL were depressed immediately after UL but restored to normal levels by the third day after lesion (Smith and Curthoys 1988b) . On the contralateral side in the same preparation, the resting rate of type I neurons increased in the hours following UL but also returned to normal by the third day postoperatively, reestablishing balance bilaterally and corresponding temporally with the resolution of static symptoms (such as nystagmus) in this species (Smith and Curthoys 1988b) . Ris et al. (1995 Ris et al. ( , 1997 presented very similar experiments on awake guinea pigs, studying the ipsilesional At top of charts, red arrow indicated significant differences between pre-UL control and ipsilesion and green arrow significant differences between pre-UL controls and contralesion for bias firing rate (Mann-Whitney U-test, P Ͻ 0.05). In bar graphs, green arrow indicates significant difference between contralesion and pre-UL control data ( 2 -test, P Ͻ 0.05). nucleus immediately after UL and 1 wk after UL (when static compensation is complete) compared with intact animals. Type I neurons were not found in the acute UL group but were seen 1 wk after UL, and those neurons had resting rates that were equal to those in control animals. In awake guinea pigs, the contralateral type I activity increased after UL and then remained higher after 1 wk (Ris and Godaux 1998) . In nonanesthetized, cerebellum-intact, decerebrate gerbils, Perachio (1990a, 1990b ) recorded from the bilateral medial vestibular nucleus before, immediately after, and chronically (4 -7 wk) after UL. The findings in these studies were similar to those of Curthoys (1988a, 1988b) . Differences included that type I neurons on the intact side maintained a higher resting rate in the gerbil study and the ipsilesional type I neuron resting rate did not recover as completely, such that there was asymmetry in the resting rates of type I neurons between the sides in the gerbil studies.
Differences between the present findings and previous studies can be attributed not only to species differences but also to the likely influence of anesthesia, decerebration, and removal of the cerebellum on vestibular function. Our findings are also similar to those of Sadeghi et al. from PVP (2010) and NEM (2011) neurons recorded from contralesional neurons in awake, behaving macaques at 1 wk and Ͼ2 wk after UL. They also found normal levels of type I resting neuronal activity. Those authors did not address the ipsilesional nucleus.
The behavior of type II neurons, particularly type II NEM neurons, many of which are thought to be interneurons in the vestibular commissures, has not been as well studied in compensation as type I neurons. In the guinea pig studies of Ris and colleagues, the authors only reported on neurons responsive to ipsilateral vestibular nerve stimulation, which is likely to include all type I but potentially only one-half of type II neurons . Curthoys (1988a, 1988b) did not exclude type I anterior canal responses stimulated by out-of-plane yaw rotation, and thus their findings with type II responses are not comparable to ours. In type II neurons recorded from decerebrate gerbils, the resting rates did not change significantly between the conditions (normal, acute UL, and chronic UL; Newlands and Perachio 1990b) . In the present data, we also found balanced resting rates of type II neurons, but the firing rate of type II neurons was higher than seen before UL. The differences between these data and the earlier study might be attributed to either species differences or the effect of decerebration.
In vitro experiments have also considered resting rates of vestibular nucleus neurons after UL. In guinea pig brain stem slices taken 1 mo after UL, ipsilesion type B (putatively including most type I) neurons had higher resting firing rates than contralesional type B neurons (Beraneck et al. 2003 (Beraneck et al. , 2004 . As creation of the brain stem slice involves acute removal of the contralesional vestibular nerve and its strong excitation to the contralesional nucleus, this finding is consistent with a process in which, after compensation, ipsilesion type I neurons have higher resting membrane potentials and increased intrinsic firing rate that adjust for the loss of their primary excitatory drive. Contralesion type I neurons adjust to the loss of commissural inhibition after UL with decreased intrinsic firing rates, but the overall firing rate is supported by glutaminergic vestibular afferent drive. Comparison of this work to studies in which slices were taken sooner after UL (Cameron and Dutia 1997; Him and Dutia 2001; Ris et al. 2002) supports that these intrinsic changes in membrane physiology develop over a period of weeks (Beraneck et al. 2004; Darlington et al. 1989 ). Prior to the full implementation of these changes in membrane physiology, initial rebalancing of activity in the vestibular nuclei accounting for mitigation of acute static symptoms (e.g., nystagmus) appears to be mediated by intra-and internuclear synaptic inputs (Bergquist et al. 2008; Guilding and Dutia 2005; Inoue et al. 2003) .
Dynamic activity in bilateral vestibular nuclei. In earlier studies, recovery of resting activity with compensation contrasts with the less complete recovery of sensitivity to rotation. For example, type I neurons ipsilateral and contralateral to UL in guinea pigs did not recover yaw sensitivity up to 8 mo after UL, and thresholds for activation remained elevated Curthoys 1988a, 1988b) . In alert guinea pigs there were no responsive ipsilesion type I neurons acutely, but the type I neurons present after 1 wk of recovery had sensitivities ϳ50% of normal (Ris et al. 1995) . Similarly, on the contralateral side the sensitivity was reduced roughly 50% right after UL and this level of sensitivity did not change over 1 wk of recovery, creating balanced, but reduced, sensitivity bilaterally (Ris and Godaux 1998) . In decerebrate gerbils the sensitivity of type I neurons was depressed bilaterally, but more in the ipsilateral nucleus acutely after UL (Newlands and Perachio 1990a) . In that study, there was partial recovery of sensitivity to rotation on the lesion side. This partial recovery on the lesion side resulted in a balanced, but significantly decreased, sensitivity from the bilateral type I neurons. There was no recovery of sensitivity in the contralesion type I neurons. Similar to the gerbil study, we see balance in the bilateral type I sensitivities at levels of 42-83% of normal sensitivities across frequencies and amplitudes on either side of the brain stem after recovery from UL.
The previous studies in the gerbil and guinea pig contrast with those in the awake monkey (Sadeghi et al. 2010 (Sadeghi et al. , 2011 , which reported that in rhesus macaques the sensitivity of type I PVP and NEM neurons are reduced 1 day after contralateral labyrinthectomy but recover to normal sensitivities after 2 wk. They did not study the nucleus on the side of the lesion, and thus could not comment on the relative sensitivity to rotation between sides or on the lesion side compared with pre-UL controls. These findings on the surface also contradict the present data, as we report incomplete recovery of sensitivity. However, the actual values reported by Sadeghi et al. (2011) for sensitivity to rotation of type I NEM neurons at 0.5 Hz Ϯ 40°/s [0.53 Ϯ 0.05 spikes/s/°/s (SE) for pre-UL and 0.45 Ϯ 0.07 spikes/s/°/s (SE) 2-3 wk after lesion] are very similar to our data at 0.5 Hz Ϯ 60°s [0.56 Ϯ 0.04 spikes/s/°/s (SE) for pre-UL control and 0.43 Ϯ 0.05 spikes/s/°/s (SE) for compensated contralesion]. The difference in these data is likely accounted for by our control group and compensated group of neurons being larger and thus more easily showing statistical differences.
Our data on type II neurons can be compared to data in the gerbil, where type II sensitivities reflected the sensitivity of the contralateral type I neurons. In the gerbil, type II neurons on the intact side demonstrated lower sensitivities that recovered somewhat with compensation. Type II neurons on the lesion side showed decreased sensitivities that remained steadily low after compensation (Newlands and Perachio 1990b) . In the present data, type II neurons have sensitivities that are similar to type II sensitivities before UL. This finding contrasts with that of Sadeghi et al., who saw incomplete recovery of type II sensitivity on the contralesional side 1-2 mo after lesion. It is possible that the population of neurons recorded is different, as Sadeghi et al. (2011) report that the neurons they recorded did not have translational sensitivity. Similar to other studies of the vestibular nuclei, our data reflect a large number of yawsensitive neurons with convergent otolith sensitivity (Dickman and Angelaki 2004; Newlands et al. 2009 ). Additionally, our recorded type II neurons in pre-UL controls had lower sensitivities than type I neurons, suggesting that we may have sampled a somewhat different population of neurons.
Role of vestibular commissures in compensation. Our data suggest revisitation of how information is shared in the vestibular nuclei. In compensated animals, investigators have observed that velocity storage, the central lengthening of the vestibular time constant, is lost for the VOR Kos 1976, 1977) . Although the majority of the neurons we recorded are not eye movement related, we feel it is still interesting to consider the impact of labyrinthine lesion on the transfer characteristics of central vestibular neurons. Newlands and Perachio (1990b) described a simple model in which increased efficacy of the commissural projections from the intact nucleus to the side of the lesion might account for recovery of sensitivity on the lesion side while the efficacy of the commissural system in the opposite direction is effectively zero. They hypothesized that the conversion of the commissural system from a bidirectional pathway to a unidirectional pathway accounted for the loss of velocity storage after labyrinthectomy, which has been documented as a persistent loss Kos 1976, 1977) . In the decerebrate gerbil study, there was increased phase lead in type I neurons on both sides with compensation vs. normal. This increase in phase lead was more significant at 0.13 Hz than 1.3 Hz. Thus uncompensated phase lead was proposed to correspond to the loss of velocity storage centrally with UL. In this study, we noted larger phase leads at 0.1 Hz and a greater impact on sensitivity at lower velocities with contralateral UL. Thus the data presented here corroborate the data from gerbils and are consistent with the proposal advanced by Newlands and Perachio (1990b) that UL permanently disrupts commissural communication from the injured side to the intact side, resulting in loss of the lengthening of the time constant that occurs centrally. However, because our data did not include corner frequencies and the complex nature of central vestibular neuron transfer functions (Buettner et al. 1978; Dickman and Angelaki 2004; Schneider and Anderson 1976; Shinoda and Yoshida 1974) , we are unable to calculate the time constant for the responses of the neurons we studied.
In normal animals, the commissural system likely provides approximately half of the drive-modulated type I neurons (Abend 1978) . Acutely after UL, the sensitivity of contralesion type I neurons decreased from 0.53 to 0.28 spikes/s/°/s in a study done in macaques (Sadeghi et al. 2011) . Thus, even with full recovery of sensitivity on the contralesional side, commissural drive should only bring the sensitivity of ipsilesion type I neurons partially back unless the commissural system efficacy increased. The data from Sadeghi et al. (2011) support an increase in efficacy from the intact vestibular nerve to those type I neurons on the intact side causing significant improve-ment in sensitivity of ipsilesion type I neurons. This increased sensitivity is likely not commissural, as Sadeghi et al. (2011) see this increase in type I sensitivity without any change in type II sensitivity. Sensitivity to rotation to the side of the UL is completely dependent upon commissural drive, either directly through the brain stem or indirectly through the cerebellum, from the intact side. Our finding of ipsilesion type I neurons with sensitivities ϳ68% of normal suggests that commissural efficacy from the intact side to the lesion side improves with compensation.
In vitro guinea pig brain stem slice studies find physiological correlates supporting increased sensitivity of ipsilesion type I neurons to commissural inputs (Beraneck et al. 2003) . Type B (putative type I) neurons more so than type A (putative type II) neurons in the deafferented nucleus were more sensitive to sinusoidal and ramplike currents 1 mo after UL than in control slices (Beraneck et al. 2003 ). Beraneck and colleagues (2004) also found similar increased dynamic sensitivity in the contralesional nucleus. These data are consistent with increased sensitivity to synaptic input bilaterally 1 mo after UL. Since these studies were done with direct current injection, they could not discern which synaptic inputs these neurons might be more sensitive to. These data are consistent with increased sensitivity of contralesional type I neurons to input from the intact vestibular nerve and of ipsilesional type I neurons to input arising contralaterally and conveyed through the vestibular commissural system.
Limitations of dynamic compensation. The asymmetry in vestibular reflexes to yaw rotation that is well documented in even well-compensated animals and patients after UL could conceptually be explained by three hypotheses. First, there might be a difference in the sensitivity of the population of neurons responding to rotation toward the lesion (ipsilesion type I and contralesion type II) compared with the population responding to rotation away from the lesion (contralesion type I and ipsilesion type II). Such imbalance in the sensitivity after lesion has been documented acutely, but not chronically, in guinea pigs and gerbils (Newlands and Perachio 1990a; Ris and Godaux 1998) . We do not see a difference in the sensitivity to rotation between ipsilesion and contralesion type I neurons in these compensated macaques. Despite contrary findings in compensated cats (Heskin-Sweezie et al. 2007 ), the preponderance of data does not support differences in the average sensitivity of neurons responding to rotation in one direction versus the other.
A second possibility is asymmetric responses of single neurons to ipsilesional compared with contralesional rotation (Heskin-Sweezie et al. 2007; Ushio et al. 2011) . The drive to central neurons in the situation where only one labyrinth is detecting rotation is dependent on firing in that one vestibular nerve. At high velocities, rectification of increasingly more afferents might lead to asymmetry in responses such that contralesional rotation would modulate less than ipsilesional rotation, even if the central neurons did not silence themselves. In our data, there was no evidence of systematic change in the sensitivity of neurons toward the lesion vs. away from the lesion, which was surprising to us. Since all modulation of activity originates in the right vestibular nerve, in compensated animals excitation of cells responding to leftward (ipsilesional) rotation (type I ipsilesion and type II contralesion) is driven by inhibition of firing of right-sided afferents and type I neurons on the right. In the vestibular nucleus of normal animals, silencing of firing of individual neurons during rotation in the inhibitory direction is common, even with relatively moderate stimulation (Broussard et al. 2004; Buettner et al. 1978; Melvill-Jones and Milsum 1970; Newlands and Perachio 1990a; Newlands et al. 2009; Shinoda and Yoshida 1974) . At the single-neuron level, this may result in loss of information, as once the firing rate reaches zero increasing levels in inhibition do not result proportionally in modulation of firing. At the system level, neurons on the other side of the brain stem respond to the same stimuli with excitation, and thus the information coding the level of stimulation is still in the system. After UL, neural modulation in both nuclei from yaw rotation necessarily passes through type I neurons on the contralesional (intact side) vestibular nucleus. During rotation toward the side of the lesion, silencing of a large portion of contralesion type I neurons would be expected to degrade the neuronal signal, potentially leading to vestibular deficits Heskin-Sweezie et al. 2007; Newlands and Perachio 1990a) . This mechanism is at the heart of common clinical tests of vestibular function, such as the rapid head thrust test (Halmagyi and Curthoys 1988) . However, as reported in RESULTS (Fig. 7) , contralesion type I neurons had low rates of silencing even for high-velocity rotation, potentially ensuring appropriate transcommissural information transfer to the nucleus on the side of the lesion.
The third hypothesis is that there are fewer total projection neurons excited by ipsilesional rotation. Maioli et al. (1983) claimed that the main limitation to VOR recovery is the number of type I neurons on the injured side. This conclusion was echoed by Smith and Curthoys (1988b) , who pointed out that restoration of ipsilesion type I activity requires both renewal of resting activity despite the loss of the primary excitatory drive to these cells (the vestibular nerve) and that those neurons with restored activity receive commissural input. Our data support this contention that the number of type I neurons on the side of lesion does not recover fully. Despite a strong recovery of resting activity and sensitivity to rotation by type I neurons on the lesion side such that balance in resting rates and sensitivity is achieved, the paucity of type I neurons on the side of the lesion even after long periods of recovery is striking. If we assume that the number of ipsilesion type II neurons is not impacted by UL, then the reduction in type I neurons in the compensated, ipsilesion nucleus can be calculated. We recorded 49 type II neurons in that group, so based on the ratio of 131 type I neurons to 59 type II neurons before UL, we would expect 108 type I neurons in the ipsilesion nucleus, not the 30 neurons we found (Table 1) , a reduction of 71%.
Amplitude compression in vestibular nucleus is present without bilateral labyrinths. Our data investigating the effect of changing frequencies and peak velocities of rotation coincide strongly with findings described in cats by Heskin-Sweezie et al. (2007) . In that study, the authors report that bilateral vestibular nuclear neurons after either UL or unilateral plugging of the semicircular canals demonstrate decreasing sensitivity with increasing peak velocity of rotation. Additionally, they note that there is no significant change in sensitivity with changing frequencies, as is also noted with our data. They report that the relationship between peak velocities of rotation appeared to be related to neuron sensitivity by a power law.
They concluded that amplitude compression limits cutoff of neurons in the inhibitory direction, preserving linearity in vestibular reflexes over a larger dynamic range. Because of the mix of neurons recorded after two different vestibular lesions, one of which eliminates excitatory afferent drive to the ipsilesional nucleus and a second that does not (canal plugging), their findings cannot be directly compared to our data. However, their finding of amplitude compression, or adaptive rescaling, is similar to what we report here.
Manifestation of vestibular nucleus physiology for treatment of unilateral vestibular deficits. The major findings in this study have potential influence on the consideration of therapies in compensated patients. Much of vestibular therapy is targeted at exercising the residual connections in the vestibular nuclei (Balaban et al. 2012; Herdman and Whitney 2007) . Recently, the ability to selectively upregulate gain of the VOR in one direction has been demonstrated after UL (Schubert et al. 2008) . Given that the primary deficit after long-term recovery appears to be in the relative sparseness of ipsilesion type I neurons, strategies to increase the density of these neurons might be impactful. A promising technology for improving vestibular function after UL is the use of vestibular prosthesis (Fridman and Della Santina 2012; Merfeld and Lewis 2012; Rubenstein et al. 2012) . Such strategies might include increasing the firing rate in the ipsilesion nucleus by stimulation of the vestibular nerve stump on the lesion side. In a limited number of neurons, Newlands and Perachio (1990a) demonstrated that direct current stimulation of the injured labyrinth could induce firing in otherwise silenced neurons. Potentially, there are two levels at which a vestibular prosthesis could improve function in a unilateral lesion patient; the first is by increasing ipsilateral firing that can then be modulated by commissural activity, and the second is by direct electrical modulation of the injured vestibular periphery linked to head movement. In the former case, dynamic deficits are likely still to be present but potentially mitigated by the increase in numbers of modulating neurons in the ipsilesional nucleus. Conceptually, a labyrinthintact, canal-plugged animal might be similar to a labyrinthectomized animal with nonmodulated electrical stimulation of the vestibular nerve to restore ipsilateral tone. However, the activity in the ipsilesional nucleus has not been directly compared between canal-plugged and labyrinthectomized animals.
These data also suggest a potential limitation in the use of unilateral vestibular prosthetic implantation for bilateral vestibular deficit. It is possible that driving only one nucleus with a prosthetic will imitate the UL condition on the other side, with a paucity of neurons driven through the vestibular commissure, although this is currently unknown. Optimal prosthetic rehabilitation may well require bilateral implantation.
Nonprosthetic rehabilitation techniques might include concentration on the inputs that contribute to improving compensation, such as spinal afferents, cerebellar, or visual input (Beraneck et al. 2008; Johnston et al. 2002; Kitahara et al. 1997; Newlands and Perachio 1991; Stewart et al. 2005) . However, the understanding of interactions in the vestibular system that contribute to limiting the availability of ipsilesional neurons for modulation will require a much greater understanding of the system.
